Abstract: Several side effects of anabolic-androgenic steroid (AAS) administration associated with training are reported in the biomechanical properties of the calcaneal tendon (CT) of rats. Thus, the aim of the present study is to evaluate the effects of the detraining and discontinuation of AAS administration on the CT morphology of rats submitted to exercise in water. Animals were divided into two groups (20/group): (1) Immediately after training (IA), and (2) Six weeks of detraining and AAS discontinuation (6W). The IA group included four subgroups: Sedentary (S), Trained (T), Sedentary with AAS administration (SAAS), and trained with AAS administration (TAAS). The 6W group included four subgroups: Sedentary (6W-S), six weeks of detrained (6W-T), six weeks of sedentary with AAS discontinuation (6W-SAAS), and six weeks of detrained with AAS discontinuation (6W-TAAS). Data show significant reduction in adipose cells volume density (Vv%) in the distal CT in 6W-TAAS group, indicating that training can exert a positive effect on the tendon. The 6W-SAAS group exhibited increased adipose cells Vv% in the distal region, compared with the W6-S and W6-T groups. A decrease in tendon proper cells Vv% and in peritendinous sheath cells Vv% of proximal and distal regions was also observed. In 6W-TAAS group showed increase in adipose cells, blood vessels, peritendinous sheath cells, and tendon proper cells Vv% in the distal region of the CT. The vertical jumps in water were not able to protect CT regions from the negative effects of AAS discontinuation for six weeks. However, after detraining and AAS discontinuation, many protective factors of the mechanical load in the long-term could be observed.
Introduction
The calcaneal tendon (CT) is the thickest and strongest tendon in the human body. The CT consists of fibers originating from two muscles: The soleus muscle (SOL), which lays deep, and the gastrocnemius muscle, which lays superficially. The latter is composed of two heads-the lateral head of the gastrocnemius muscle (GL) and the medial head of the gastrocnemius muscle (GM), from each of which originates an independent subtendon [1] . Tendons consist of dense fibrous connective tissue that attaches muscles to bones. They are composed of a large density of collagen fibers and fibroblasts Figure 1 . Experimental design. Schematic illustration of the methodological sequence followed in the study. Immediately after (IA) groups: Sedentary (S), trained (T), sedentary with anabolic-androgenic steroid (AAS) administration (SAAS), and trained AAS administration (TAAS). The six weeks-6W groups: Sedentary (6W-S), 6-weeks of detrained (6W-T), 6-weeks of sedentary with AAS discontinuation (6W-SAAS), and 6-weeks of detrained with AAS discontinuation (6W-TAAS).
Anabolic Androgenic Steroid Administration
The rats (SAAS and TAAS groups) were submitted to an AAS administration protocol, in which they received 5 mg/kg of body mass (supraphysiological dose) of nandrolone decanoate (Deca-Durabolin ® , Organon do Brasil, São Paulo, Brazil) administered subcutaneously in their backs twice a week. This is considered a supraphysiological dose, like the doses used by athletes [18] . The experimental groups without AAS treatment (S and T) received the vehicle only (peanut oil with benzyl alcohol). The treatment started in the first training week and continued for seven weeks.
Training Protocol
Adaptation week: To reduce stress, the animals were adapted to water in the pretraining week. This adaptation consisted of weight lifting sessions (50% body weight load), once a day, five days per week, in water at 30 ± 2 °C. The training was induced by the instinctive reactions of rats submitted to a jump exercise protocol in a plastic tube (25 cm diameter and 40 cm length) with water at 30 ± 2 °C. The overload was attached to the animal's chest by means of a vest fitted to its body. The numbers of sets [2] [3] [4] and repetitions [5] [6] [7] [8] [9] [10] were adjusted daily and increased gradually. All sessions were performed in the afternoon after 4 p.m.
Vertical jump protocol: After the adaptation week, the animals were submitted to the experimental jump protocol, which consisted in the first training week of: 4 sets of 10 jumps with a 30 s rest period between sets and overload of 50% of body weight. In the next six weeks, the training protocol continued with the same number of sets (4 sets), jumps (10) , and rest intervals (30 s between sets), but with increased overload (5% increase per week), reaching 80% of body weight in the final week.
Histological Preparation
In week seven, the training and steroid administration were interrupted and the IA group was euthanized. After six weeks of detraining and interruption of steroid administration, the 6Ws group was Figure 1 . Experimental design. Schematic illustration of the methodological sequence followed in the study. Immediately after (IA) groups: Sedentary (S), trained (T), sedentary with anabolic-androgenic steroid (AAS) administration (SAAS), and trained AAS administration (TAAS). The six weeks-6W groups: Sedentary (6W-S), 6-weeks of detrained (6W-T), 6-weeks of sedentary with AAS discontinuation (6W-SAAS), and 6-weeks of detrained with AAS discontinuation (6W-TAAS).
Anabolic Androgenic Steroid Administration
Training Protocol
Adaptation week: To reduce stress, the animals were adapted to water in the pretraining week. This adaptation consisted of weight lifting sessions (50% body weight load), once a day, five days per week, in water at 30 ± 2 • C. The training was induced by the instinctive reactions of rats submitted to a jump exercise protocol in a plastic tube (25 cm diameter and 40 cm length) with water at 30 ± 2 • C. The overload was attached to the animal's chest by means of a vest fitted to its body. The numbers of sets [2] [3] [4] and repetitions [5] [6] [7] [8] [9] [10] were adjusted daily and increased gradually. All sessions were performed in the afternoon after 4 p.m.
Histological Preparation
In week seven, the training and steroid administration were interrupted and the IA group was euthanized. After six weeks of detraining and interruption of steroid administration, the 6Ws group was euthanized. This procedure was performed through an overdose of xylazine and ketamine in the intraperitoneal region (12 mg/kg of body weight and 95 mg/kg of body weight, respectively).
After extracting the calcaneus tendons from the animals, they were fixed by immersion in 4% formaldehyde in phosphate buffered saline for 24 h, washed with distilled water, dehydrated in 70% ethanol, and embedded in glycol methacrylate resin (Leica Microsystems, Heidelberg, Germany). Two-micrometer sections were obtained from the tendons using glass knives and were stained with hematoxylin-eosin (HE) (Nuclear, São Paulo, Brazil).
Histomorphometric Analysis
Histomorphometric analyses were performed using a microscope (Olympus BV51) linked to a digital camera, SV Micro Sound Vision (Preston South, Australia), to capture images at 20× magnification; 10 nonconsecutive digital images per area were obtained (peritendinous and tendon proper). The images were analyzed using Photoshop software (Adobe Systems Inc., San Jose, California, USA). A planimetry system with a translucent Weibel grid [16, 19] superimposed over each image was used to determine the volume density (Vv%) of the adipose cells, blood vessels (blood vessel lumen, endothelial cells, and perivascular sheath), peritendinous sheath cells (other cells), and tendon proper cells (fibroblasts and fibrochondrocyte-like cells). The stereology was performed by counting the structures when they coincided with the planimetry system points. After counting, the percentages of the structures of each region and sheath were calculated. The calculus of the peritendinous sheath was different, as it depended on how many points coincided with the tendon proper sheath. To calculate Vv%, the number of points coincident with the structures was multiplied by 100, then divided by the total number of grid points.
Statistical Analysis
Statistical evaluation was performed initially using the Kolmogorov-Smirnov test to assess data normality, then the ANOVA two-way test, followed by Turkey analysis to compare the effects between interventions. A nonpaired Student's t-test was used to determine the significance of the differences between the IA and 6W groups. The data are presented as mean ± standard error of the mean. A significance level of 5% (p < 0.05) was adopted and the Statistica 7.0 software package (Stat. Soft. Inc., Tusa, OK, USA) was used for all analyses.
Results

Histomorphometry Immediately After Seven Weeks of Training (IA)
Seven weeks of training increased blood vessels Vv% and peritendinous sheath cells in the distal region of the CT when compared with the control group (S) ( Figures 2F,G and 3F) . Additionally, in the T group, tenocytes showed an oval shape, and were aligned to the collagen bundles in the tendon proper of the proximal region. AAS treatment increased cells Vv% in the proximal region of the tendon proper ( Figure 2D ) and promoted a reduction in the adipose cells Vv% in the distal region compared to the S group ( Figure 1E ). There was also a reduction in blood vessels Vv% and peritendinous sheath cells in the distal region ( Figure 2F ,G) in comparison with the T group. The administration of AAS associated with the training promoted a reduction in adipose cells Vv% in the distal region of the CT in comparison with the S group ( Figures 2E and 3N ). There was also a decrease in peritendinous sheath cells Vv% and blood vessels Vv% in the distal region in comparison with the T group ( Figures 2F,G and 3N) . No significant differences were observed between experimental groups regarding tendon proper cells Vv% in the distal region of the CT (Figures 2H and 3O,P).
Histomorphometry after 6 Weeks of Detraining (6W)
The T6 group did not demonstrate differences in adipose cells, blood vessels, peritendinous sheath cells, or tendon proper cells Vv% in their distal and proximal regions, compared to the S6 group (Figures 4A-H and 5E-H).
(dashed arrows), and adipose cells (asterisks). In the tendon proper, the proximal (O) and distal (P) regions show cells (dashed arrows). Original magnification, 400×. Scale bars 20 µm.
The 6W-SAAS group exhibited significantly greater adipose cells Vv% in the distal region, in comparison with the 6W-S and 6W-T groups ( Figure 4E) . A reduction was also observed in tendon proper cells Vv% and peritendinous sheath cells Vv% of proximal and distal regions, respectively, in comparison to the 6W-S group ( Figure 4D ,G, respectively). In addition, the tenocytes of tendon proper cells in the distal region of the CT seemed to be scattered and less aligned than other groups ( Figure 5L) .
Additionally, the data show a significant reduction in adipose cells Vv% in the CT distal region of the 6W-TAA group when compared to the 6W-SAAS group. Blood vessels Vv% decreased in the 6W-TAA group only in the proximal region of the CT when compared with the 6W-T group (Figures 4B and 5M) . A reduction was also found in peritendinous sheath cells Vv% of the CT proximal region when compared with the 6W-Sand 6W-T groups (Figures 4C and 5M) . Peritendinous sheath cells Vv% also decreased in the CT distal region in comparison with the 6W-S group (Figures 4G and 5N) . The 6W-SAAS group exhibited significantly greater adipose cells Vv% in the distal region, in comparison with the 6W-S and 6W-T groups ( Figure 4E) . A reduction was also observed in tendon proper cells Vv% and peritendinous sheath cells Vv% of proximal and distal regions, respectively, in comparison to the 6W-S group ( Figure 4D,G, respectively) . In addition, the tenocytes of tendon proper cells in the distal region of the CT seemed to be scattered and less aligned than other groups ( Figure 5L) .
Additionally, the data show a significant reduction in adipose cells Vv% in the CT distal region of the 6W-TAA group when compared to the 6W-SAAS group. Blood vessels Vv% decreased in the 6W-TAA group only in the proximal region of the CT when compared with the 6W-T group (Figures 4B  and 5M) . A reduction was also found in peritendinous sheath cells Vv% of the CT proximal region when compared with the 6W-Sand 6W-T groups ( Figures 4C and 5M) . Peritendinous sheath cells Vv% also decreased in the CT distal region in comparison with the 6W-S group (Figures 4G and 5N ). 
Temporal Comparison between IA and 6W Groups
In order to understand the consequences of six weeks without training and/or AAS administration, comparisons between each similar experimental group were performed and are shown in Table 1 .
None of the evaluated variables demonstrated significant differences between the S and 6W-S groups, except for peritendinous sheath cells Vv% in the distal regions of the CT, which increased in the 6W-S group compared to the S group. Regarding vertical jumping, after six weeks of detraining, a significant increase in adipose cells Vv% was observed in the proximal region, followed by a reduction in blood vessels Vv% and an increase in tendon proper cells Vv% in the distal region.
AAS discontinuation facilitated a significant increase in adipose cells Vv% in the distal region, as well as increased peritendinous sheath cells Vv% in both proximal and distal regions of the CT and promoted a reduction in tendon proper cells Vv% in the proximal region. Finally, detraining associated with androgenic anabolic steroid discontinuation in the 6W-TAAS group promoted an increase in adipose cells, blood vessels, peritendinous sheath cells, and tendon proper cells Vv% in the distal region of the CT. On the other hand, there was a reduction in tendon proper cells Vv% in the proximal region of the CT. 
AAS discontinuation facilitated a significant increase in adipose cells Vv% in the distal region, as well as increased peritendinous sheath cells Vv% in both proximal and distal regions of the CT and promoted a reduction in tendon proper cells Vv% in the proximal region. Finally, detraining associated with androgenic anabolic steroid discontinuation in the 6W-TAAS group promoted an increase in adipose cells, blood vessels, peritendinous sheath cells, and tendon proper cells Vv% in the distal region of the CT. On the other hand, there was a reduction in tendon proper cells Vv% in the proximal region of the CT. Values are expressed as means ± standard error of the mean. Nonpaired Students' t-test was used to determine the significance of the differences between IA and 6W subgroups. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.05. Sedentary (S), trained (T), sedentary with anabolic-androgenic steroid (AAS) administration (SAAS), and trained AAS administration (TAAS).
Discussion
This study evaluated the effects of detraining and AAS discontinuation on histomorphological aspects of the peritendinous sheath and tendon proper in both proximal and distal regions of the CT. The main findings suggest that vertical jumping in water was not able to protect the CT from the negative effects of nandrolone decanoate discontinuation for six weeks.
Training, AAS, and AAS Associated with Training Effects
Training promoted increased peritendinous sheath cells Vv% in response to vertical jumping only in the distal region of the CT. This response can be explained by increased tissue demand, enhanced connective tissue turnover, and ECM proteins, due to the increase in muscle contraction force, which promotes mechanical stimulation for collagen synthesis [20] , an upregulation of stress-responsive cytokines and growth factors (e.g., insulin-like growth factor, transforming growth factor-β-1, and interleukin-6) [4, 21] , and increased mechanotransduction stimuli in the tendon cells to increase collagen synthesis, independent of short-or long-term exposure, which modifies tendon extracellular matrix and morphology [22] .
Additionally, in the current study, the training was effective for increasing vascularization in the distal region of the CT. Tendons have poor vascularization. However, the vessels are important for ensuring normal cell functions and tissue repair [23] . Other studies have also observed a similar response regarding increased tendon vascularization, during or after exercise periods [17, 24] .
On the other hand, we found decreased cellularity and vascularization in the peritendinous sheath in the distal region when comparing both AAS groups to the trained group. Using the same experimental model and training time as the current study, another research demonstrated an increase in peritendinous cellularity [17] , unlike our data. Despite this, using AAS for short or long periods can induce abnormalities in collagen distribution [25] and remodeling [5] , which may interfere in fibroblast proliferation and induce cell death [26] . Thus, it is possible that the treatment with AAS in our study induced similar effects. This hypothesis remains to be further investigated.
Tendon morphological properties were negatively affected when training was associated with AAS administration, mainly in relation to the decreased vascularization and cellularity of the peritendinous sheath in the distal region, when compared to the T group. In general, many studies have shown that this combination (AAS plus training) can modify ECM properties in tendons, skeletal muscle, and cardiac muscle [5, 6, 16, 17] , and alter the key gene expressions responsible for tendon integrity [27] , adapting tendon biomechanics, and making it more inclined to failure [15, 16] . In the present study, an unexpected effect caused by significant adipose cell reduction in the distal region of SAAS and TAAS groups was observed. The probable explanation for this is the enhanced lipolytic activity and inhibited adipocyte differentiation caused by AAS [28] .
AAS Discontinuation Effects
AAS discontinuation prompted increased adipose cells at high levels in the distal region of the 6W-SAAS, and peritendinous sheath and tendon proper cell reduction. AAS binds to the androgen receptor (AR) in target tissues to exert its androgenic and anabolic effects. The AR regulates the transcription of target genes that control the accumulation of DNA required for muscle growth [29, 30] . Physiological influences of AAS induce increases in protein synthesis in skeletal muscle, promoting an increase in muscle mass [30] . However, our study shows that AAS discontinuation in the sedentary subgroup exerted an exacerbated negative effect (rebound) on tendons, increasing adipose cells and reducing cellularity.
Several bioactive peptides (chemerin, leptin, adiponectin, and others) are released by adipocytes, and influence tendon structure by means of negative activities on mesenchymal cells [31] . Tendon-derived stem cells (TDSCs) are similar to other multipotent stem cells. They are able to self-renew and present adipogenic, chondrogenic, and osteogenic differentiation potentials [32] .
Increased levels of prostaglandin E 2 (PGE 2 ), a major inflammatory mediator in tendons, decreased proliferation of TDSCs in tendons, inducing differentiation of TDSCs into adipocytes and osteocytes in vitro [33] . Fine control of tenocyte differentiation is necessary to maintain tendon homeostasis [34, 35] , and it is possible that discontinuation of AAS treatment promoted an imbalance in tendon homeostasis, which was prevented by exercise in the present study.
Furthermore, Scott et al. [31] showed that high levels of adipocytes are an important factor in the development of tendinopathies, as they contribute to structural damage in the tissue, leading to a pattern of function loss (degeneration) [36] characterized by disorganized collagen deposition and extravagant scar formation during healing, which may result from excessive myofibroblast differentiation [37] .
This culminates in poor tissue capacity to respond to large demands imposed [38] . Clusters of adipocytes were found in ruptured tendons of humans within spaces between the collagen fibers. The adipocytes appear to disrupt the continuity of the collagen fibers and bundles, diminishing the tensile strength of the tendon [39] .
As previously mentioned, a decrease in tendon proper cells was observed in the 6W-SAAS subgroup. Studies have shown that high levels of apoptosis in tendons may be one of the explanations for structural alterations, leading to tendinopathies [40] [41] [42] . Apoptosis, when natural, is a physiological process where programmed cell death occurs and can be mediated by several factors, which are essential for the preservation of tissue homeostasis and elimination of damaged cells [41] . However, the abrupt reduction in cells through apoptotic processes, which have repercussions on hypocellular areas, evidenced in some histological studies, may influence the collagen synthesis rate and organization of tendon ECM, impairing the repair of injured tendons [42] . It seems clear that our findings indicate a nonfunctional tendon response after AAS discontinuation, possibly due to alteration in the tendon remodeling process.
Effects of AAS Discontinuation and Detraining
The combination of AAS discontinuation and detraining showed a reduction in blood vessels and peritendinous sheath cells in proximal and distal regions. These results indicate that the negative effects prompted by ASS remain, since the same side effects were observed immediately after the period. For example, a combination of training and AAS administration inhibited the messenger RNA (mRNA) of vascular endothelial growth factor (VEGF), whereas jump training alone increased the mRNA of VEGF [43] . VEGF induces invasion of endothelial cells and vessels in hypovascularized tissue [44] . Thus, it is clear that anabolic steroids, even after six weeks of discontinuation, block some of the beneficial effects of exercise. However, contrary to the large increase in adipose tissue previously discussed and shown in the SAAS group, the addition of training inhibited the adipose increase, demonstrating a probable protective factor of training mechanics in the long-term.
Temporal Comparison between IA and 6W Groups
As mentioned above, this study was also designed to analyze comparisons between IA and 6W groups, observing the temporal alterations that occurred. In the sedentary control group (S), the content of peritendinous sheath cells increased after six weeks in sedentary animals. It is possible that over the time of experimentation (six weeks), the animals increased their muscle mass, which could generate mechanical stimulus to tendon tissue, culminating in positive cellular alterations.
Regarding detraining effects (trained and six weeks of detraining group), the current results show that a six week untrained period was able to revert the resistance training benefits, restoring peritendinous sheath cells and blood vessels to basal levels. This may have occurred in response to the lack of tissue demand occasioned by training discontinuation, which is a physiologically expected response [45] . The time required for the maintenance of benefits obtained from exercise on tendons after training discontinuation remains controversial. Decreases or interruptions in habitual activity level (training interruption) result in partial or complete loss of anatomical, physiological, and performance-induced adaptations, which vary quantitatively and qualitatively depending on the gap time [46, 47] . Several studies in vitro and in vivo have shown decreases in tenocyte, synthetic, and metabolic activity, in tendon morphology, and in its enthesis, due to treadmill training discontinuation [11, 48, 49] . These alterations involved decreases in proteoglycan content and loss of collagen fiber organization, with an increase in collagen III and a decrease in collagen I, resulting in less resistance to stress and a related increased risk of tendon rupture [10] . However, increases were observed in the tendon proper cells after six weeks of detraining in comparison to the IA group. This suggests migration of peritendinous sheath cells to the inner tendon as a benefit of training.
In the sedentary and treated group (SAAS), AAS discontinuation resulted in an exacerbated increase in adipocytes, followed by an increase in peritendinous sheath cells in the distal and proximal regions and tendon proper cell reduction. The AAS discontinuation stimulus promotes effects contrary to those observed during the time of use. As mentioned above, an increase in adipocytes harms the capabilities of functional tendons and evidences the negative effects of AAS, even after six weeks of interruption. However, the increase in cells in the peritendinous sheath (proximal and distal), may be explained as a possible attempt to restore homeostasis after AAS deprivation.
Despite reasonable support by reports indicating that AAS may counteract the irreparable structural alterations in the CT after interruption, no studies including molecular and functional analyses have been performed. In order to provide potential evidence, these analyses are required in additional studies. The results suggest that during AAS use, cellular receptors could be saturated and hamper cellular differentiation. However, following the drug deprivation, the peritendinous sheath cells exacerbate the proliferation comparison between the 6W-TAAS and TAAS groups (IA) showing that, six weeks after AAS deprivation, the tendon attempts to reestablish tissue homeostasis. Training exerts a delayed effect on the tendon, similar to "memorizing an event," interpreted by cell signaling even after detraining and AAS discontinuation. Thus, both vascularization and cell content (tissue-dependent elements) respond to loading mechanisms. Finally, the Figure 6 bellow shows the main results achieved in this study. 
Conclusions
In conclusion, our findings support that after detraining and AAS discontinuation, the beneficial effects of training are no longer evident. However, the vascularization and cellularity were restored, while the adipose cells were retained in a low amount, indicating that training was able to protect the
